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Abstract   FootprintDB is a database and search engine that compiles regulatory sequences 
from open access libraries of curated DNA cis-elements and motifs, and their associated 
transcription factors (TFs). It systematically annotates the binding interfaces of the TFs by 
exploiting protein-DNA complexes deposited in the Protein Data Bank. Each entry in 
footprintDB is thus a DNA motif linked to the protein sequence of the TF(s) known to 
recognize it, and in most cases, the set of predicted interface residues involved in specific 
recognition. This chapter explains step-by-step how to search for DNA motifs and protein 
sequences in footprintDB and how to focus the search to a particular organism. Two real-world 
examples are shown where this software was used to analyze transcriptional regulation in 
plants. Results are described with the aim of guiding users on their interpretation, and special 
attention is given to the choices users might face when performing similar analyzes. 
 
Keywords:   Bioinformatics, transcription factor, DNA binding, DNA motif, PSSM, protein 
domain, promoter, cis-element, database, open-access 
Running head: Exploring plant transcriptional regulation with footprintDB  
  
 1. Introduction 
Transcription is a central process in gene expression. It is modulated primarily by the binding of 
regulatory proteins called transcription factors (TFs) to short DNA sequences, called cis-
regulatory elements. DNA recognition is a flexible mechanism, since most TFs can usually 
distinguish a collection of non-identical DNA binding sites (DBSs), which in turn define a 
DNA-binding motif (DBM). Position-specific scoring matrices (PSSMs) are a common way of 
representing DBMs, which in their simplest form tally the observed nucleotide frequencies at 
each position of the motif (1). DBMs are also frequently plotted as sequence logos, which 
graphically summarize the binding preferences of TFs (2), as shown on Figure 1. These are 
convenient models that hide some known complexities of TFs but are still useful. For instance, 
columns in a DBM might be correlated and thus not accurately modelled by a PSSM, which 
usually features independent columns. Moreover, the alignment of cis-elements in order to 
derive motifs has several pitfalls: 1) both DNA strands must be considered; 2) short DBSs are 
easily misaligned, particularly if structural constraints are not considered (3); and 3) mismatches 
are common due to TF binding plasticity. Nevertheless, because of their simplicity, PSSMs are 
usually the preferred representation of protein-DNA binding models. 
 
Figure 1. Typical representations of DNA motifs. (A) Multiple alignment of DNA binding 
sites recognized by a TF, usually cis-elements located in different promoters. The motif core is 
in upper-case. (B) Position-specific scoring matrix in TRANSFAC-like notation. The last 
column is the consensus. (C) Sequence logo, with base heights proportional to conservation 
across sites. 
 
 Experimental methods to identify DBSs are technically challenging and have been traditionally 
limited to determining cis-regulatory sites for one TF at a time. Among such protocols are DNA 
footprinting, chromatin immunoprecipitation (ChIP) or electrophoretic mobility shift assays, 
which yield high quality data despite their low throughput (4-6). These approaches are being 
replaced by higher throughput protocols such as protein binding microarrays, HT-SELEX, 
ChIP-chip or ChIP-Seq techniques (7-10). These procedures often produce large volumes of raw 
sequence data, which must be pre-processed and filtered in order to derive DBMs employing a 
variety of recipes (11,12). Eventually, resulting PSSMs are collected and annotated in 
databases. 
 
In addition, a number of algorithms have been developed in order to predict and annotate DBSs 
within genomic sequences. Some of them try to discover them de novo by detecting 
overrepresented DNA motifs (13-15). Others use previously known experimental DNA binding 
data to localize similar regions in genomes by sequence and PSSM alignments or machine 
learning techniques (16-19).  
 
 
Figure 2. DNA-binding interface of PDB complex 9ANT (Antennapedia in complex with a 
cis-element) as annotated by 3D-footprint. Inter-atomic distances are calculated among atoms of 
amino acid side chains and nitrogen bases, and a matrix of interactions generated. Interface 
residues, in upper case, are extracted to show the DNA-binding interface core. 
 
Other experimental approaches focus on characterizing the interface residues of TFs, those in 
charge of recognizing the nucleotide bases of DBSs (Figure 2). Besides site-directed 
 mutagenesis (20,21), the most accurate methods are X-ray crystallography and NMR studies of 
protein-DNA complexes. The resulting structures are maintained and published at the Protein 
Data Bank (PDB), and can also be exploited to infer structure-based DBMs (22-27). An 
exhaustive analysis of these complexes shows that individual DNA-binding proteins typically 
bind a nucleotide segment 3 to 10 bases long (Figure 3A). However, TFs usually identify target 
sites in conjunction with other proteins. For this reason, biologically relevant motifs most often 
correspond to protein multimers or multi-domain TFs, which bind longer, contiguous regions in 
the DNA sequence as shown in Figure 3B for two plant TFs. 
 
 
Figure 3. (A) Histogram of the length of cis elements recognized by non-redundant 
monomeric proteins in TF-DNA complexes deposited in the PDB and annotated in 3D-footprint 
as of July, 2015. (B) Sequence logos of experimentally determined binding sites of plant 
transcription factors LEAFY (top) and VRN1 (bottom) (available in footprintDB). Note that 
both PSSMs contain highly conserved sub-motifs with interleaved degenerate sequences. 
 
To facilitate the analysis of DNA-protein interactions, researchers can take advantage of in 
silico tools for designing experiments and engineering DNA-recognition. In this chapter we 
describe footprintDB, a database that compiles experimental data of thousands of TFs and their 
DNA motifs. FootprintDB has two main applications: 1) the prediction of TFs able to bind 
novel DNA motifs and 2) the prediction of DNA motifs for uncharacterized TFs. The first 
search type is illustrated with two protocols and their application to a real research problem 
concerning transcription factors predicted to regulate a set of co-expressed Arabidopsis thaliana 
promoters. For the second kind of query a generic protocol is also presented and then applied to 
the study of a stress-related promoter sequence in rice.  
 2. Materials 
The only resources required to replicate the analysis described in this chapter are an Internet 
connection and a web browser. These will suffice to learn how to use footprintDB and 
associated tools, which are now presented.  
 
2.1. FootprintDB 
FootprintDB is a meta-database that integrates several open access repositories of curated cis-
elements, DNA motifs and TFs into a unique repository (http://floresta.eead.csic.es/footprintdb, 
Figure 4) (28). The May 2015 release includes the following databases: JASPAR, 3D-footprint, 
HumanTF, HOCOMOCO, FlyZincFinger, UniPROBE, ArabidopsisPBM, AthaMap, DBTBS, 
RegulonDB, DrosophilaTF and EEADannot. JASPAR is the reference source of curated TFs 
and DNA motifs derived from published collections of experimentally defined DBS for 
eukaryotes (29). 3D-footprint annotates cis elements captured in protein-DNA complexes 
deposited in the PDB (26). UniPROBE (Universal PBM Resource for Oligonucleotide Binding 
Evaluation) hosts data generated by universal protein binding microarrays (PBM) with proteins 
from a diverse collection of organisms (30). The remaining repositories provide experimentally-
supported DBMs for specific organisms and taxa, such as HumanTF and HOMOCOMO for 
human (31,32), RegulonDB and DBTBS for bacteria (33,34),  Athamap and ArabidopsisPBM 
for A. thaliana (35,36), or DrosophilaTF and FlyZincFinger for fruit fly (37,38). Finally, 
EEADannot is a manually curated set of plant data compiled in our laboratory.  
 
  
Figure 4. FootprintDB web interface. (A) Main page. (B) Search form. 
 
Available DNA-binding data for plant TFs is scarce, and for this reason Athamap and 
ArabidopsisPBM collections, as well as EEADannot, are valuable resources for plant promoter 
analysis and cis-element discovery. We note that commercial database TRANSFAC annotates 
also a repertoire of plant DNA motifs (39), but a subscription fee is required. Other valuable 
plant-specific resources such as PLACE and AGRIS were considered. However, while the 
former contains single DBSs without annotated binding TFs, most of the data in the latter are 
already annotated by other resources like JASPAR and Athamap (40,41).  
 
FootprintDB handles redundant data deposited in several repositories by annotating unique 
entries with multiple references to the original sources. The underlying database can model 
complex scenarios in which a single TF binds to several DBMs or where the same cis-element 
is targeted by multiple TFs.  
 
All in all, footprintDB currently contains 3,095 unique TFs, 4,646 PSSMs and 18,840 DBSs 
(July 2015). Each data entry can be searched by name, identifier, sequence or other descriptors 
and visualized in a data sheet format including footprintDB annotations (see examples in Figure 
5). Of these, the current release contains 275 non-redundant DNA motifs from plant TFs, which 
 have also been recently included in the RSAT::Plants server (see Note 1, http://plants.rsat.eu). 
RSAT::Plants is a software suite that integrates a series of modular computer programs designed 
for the detection of regulatory signals in non-coding sequences (42). The ArabidopsisPBM and 
HumanTF collections have also been exported to the MEME suite, which includes a 
compendium of similar tools (http://meme.nbcr.net) (43).  
 
Figure 5. Example of typical footprintDB data entries: (A) Transcription factor bZIP910. (B) 
A DNA motif of cis-elements recognized by bZIP910. 
 
FootprintDB supports two kinds of queries: 1) TF sequences and 2) DNA motifs or sites 
(Figure 6). TF sequence searches, using protein sequences as input, retrieve all similar TFs 
found in the database by performing local sequence alignments with BLASTP (44). DNA 
queries, giving as input DNA motifs in PSSM format or individual DNA sequences, retrieve all 
similar motifs found in the database using STAMP tool for the alignments (45). Additionally, 
search results can be filtered by source database, organism or protein domain, and can be saved 
for later use.  
  
Figure 6. The two main queries supported by the footprintDB search engine. 
 
Users can also upload collections of TFs and DNA motifs into footprintDB, keeping the data for 
private use (default) or making it publicly available. The footprintDB search engine can also be 
accessed programmatically using a SOAP web services interface. These and more possibilities 
are further explained in the software documentation. 
 
Only few organisms have available experimental TF-DNA binding data in the literature. For 
this reason, footprintDB searches can be extended to third-party organism proteomes, allowing 
search results to be extrapolated to a particular organism of interest. For example, we can use a 
known A.thaliana TF that might bind conserved cis-elements in promoters of over-expressed 
genes and then find its homologues in the proteome of Oryza sativa, if we are interested in 
conducting an experiment with rice. According to our benchmarks, homologous TFs from 
different species are more likely to bind a similar DNA motif when their interfaces are similar 
(28) . 
 
In order to evaluate the contents of footprintDB, the initial 2013 release was compared to 
subscription-based TRANSFAC 2012.1, and a high degree of redundancy was found among 
TFs and DBMs stored in both repositories, as detailed in Note 2 (28).  
 
 TF protein sequences have their DNA interfaces annotated in footprintDB. That means that 
residues involved in the recognition of nucleotide bases are predicted based on homology to 
proteins that take part on three-dimensional protein-DNA complexes annotated in the 3D-
footprint database (see Note 3, http://floresta.eead.csic.es/3dfootprint) (26). FootprintDB lists 
the PDB accessions for these complexes, making it possible to produce structure-based 
alignments of cis elements and to compare binding interfaces with the TFcompare web server 
(see Note 4) (3). DNA binding protein domains are also annotated by scanning sequences 
against PFAM domains (46). Check Figure 5 for the content of a typical entry of the database. 
3. Methods 
3.1. DNA motif search in footprintDB 
The first run mode of footprintDB takes a DNA motif, cis element or DNA site as input. This 
kind of search is useful when we have data about DNA sequences (or a single sequence) 
recognized by an unknown DNA-binding protein and we want to predict TFs able to interact 
with them. In the next lines we explain how to feed a DNA motif or site in footprintDB and how 
to interpret the results using as example the Antirrhinum majus motif called ‘bZIP910’ (Figure 
5B), originally annotated in the JASPAR database (29,47). 
 
1) First, if you have a footprintDB account, log in to store your searches and reuse them. 
2) Click on the ‘Start Search’ button or in the ‘Search Sequences’ link on the left menu at 
http://floresta.eead.csic.es/footprintdb .  
3) Enter a name for the job and, optionally, an email address if you desire to receive the 
results by email. 
4) Choose as input type ‘DNA sites or motifs’ and the number of results that you desire in 
‘Limit number of results per query’ field. 
 5) Enter your DNA sites or motifs in the text area or upload them from a file. The accepted 
formats are FASTA and TRANSFAC (some simplifications of the original 
TRANSFAC format are also accepted). In the present example we will use the example 
data by choosing ‘bZIP910 DNA Binding Motif in TRANSFAC-like format’ and 
clicking the ‘Demo’ button. A matrix with 'bZIP910’ TF binding preferences will be 
shown automatically in the text area.  
6) To start the search, press the ‘Search’ button. 
 
Additionally, options on the footprintDB search form such as ’Order results by’ or ‘Color 
results using twilight thresholds’ can be changed (see Note 5). Search can also be limited by 
organism, source database or Pfam domains (see Note 6). Clicking on ‘Search for homologues 
in a selected proteome’ displays additional parameters which will be explained later in the 
Section 3.2. 
 
Among the obtained results, shown in Figure 7, we notice that the first one is the query itself 
(the demo ‘bZIP910’ is a regular footprintDB entry), together with a list of transcription factors 
that are reported to bind very similar DNA motifs. Each row contains additional information 
about the motif alignment (E-value and similarity scores, see Notes 5 and 7), source organism 
and links to the original source, the motif datasheet in footprintDB, the annotated binding 
proteins, their binding interface residues and their binding protein domains. By clicking on 
‘Show interfaces’ and ‘Show domains’ in the result table it can be seen that the results share a 
common DNA-binding interface (R[KL]x[SQK]NR[ev][SA]Axx[SCA]RxRK) within the Basic 
Leucine Zipper domain. Note that predicted binding residues are in uppercase in the consensus.  
  
Figure 7. Example of results for the ‘bZIP910’ DNA motif search in footprintDB. Note that 
slightly different versions of A. thaliana motifs TGA 1 and 2 are reported. Results can vary in 
future versions of footprintDB. 
 
 
3.2. Proteome-specific DNA search in footprintDB 
As illustrated in the previous section, a regular DNA search can give us valuable information 
about a novel DNA cis-element or motif by comparing it to similar motifs annotated in 
footprintDB. However, often we are interested in finding a list of transcription factors that most 
likely bind that DNA motif in a specific organism. For example, we might know an abiotic 
stress cis-element in the Antirrhinum majus genome (bZIP910) and we want to test rice TFs that 
potentially bind this sequence. For this purpose, we can extend the footprintDB search by 
selecting a specific target proteome: 
 
1) Repeat the steps 1-5 of DNA motif search explained on Section 3.1. 
 6) Click on the link ‘Search for homologues in a selected proteome’ to expand proteome 
search options and select from the list of available proteomes ‘Oryza sativa - MSU6.1’ 
or upload a FASTA file with the desired proteome. 
7) Click on the ‘Search’ button to start the search. 
 
Results look like a regular DNA motif search, but footprintDB entries with homologous 
proteins within the rice proteome are shown on the top of the list, and entries without rice 
homologues at the bottom with the legend ‘NO HITS’. Click on the link ‘Show Oryza sativa - 
MSU6.1 homologues’ displayed below high-ranking results on the leftmost column to expand a 
list of significant BLASTP hits (homologues) found in the proteome. Each one contains 
information about the binding interface and alignment scores with the footprintDB TF sequence. 
In the bZIP910 example, rice homologues show conserved interface residues and common 
DNA-binding domains as expected. Following these results, experiments can now be designed 
to test whether these TFs actually bind a bZIP910-like motif in our conditions of interest, thus 
reducing the search space from around fifty thousand rice transcripts to a few dozens of 
footprintDB predictions. 
 
3.3. Protein sequence search in footprintDB 
For most putative TFs in sequence databases there is little or no information regarding their 
DNA binding preferences. In these cases we can look for homologous TFs annotated in 
footprintDB and transfer their curated DNA binding data. To illustrate this type of search in 
footprintDB we will take the amino acid sequence of bZIP910 TF from A. majus (Figure 5A), 
extending the examples of the previous two sections. 
 
1) Repeat the steps 1-3 listed on Section 3.1. 
4) Choose as input type ‘Proteins’ and set the wished number of results in the ‘Limit 
number of results per query’ box. 
 5) Enter the protein sequences in the text area or upload them from a file in FASTA 
format. In the present example we will use the demo data by choosing “bZIP910 Protein 
Sequence in FASTA format” and clicking the ‘Demo’ button. The protein sequence will 
be shown automatically in the text area. 
6) Press the ‘Search’ button. 
As previously, search can be limited by organism, source database or Pfam domains (see Note 
6). Additionally results can be ordered by E-value (see Note 7) or interface similarity (see Note 
8). As expected, the first reported TF is bZIP910 and all remaining TFs belong to the same 
‘bZIP domain’ family, share similar interface residues and recognize G-box (CACGTG) and C-
box (GACGTC) motifs related to the cognate bZIP910 consensus: a G-box/C-box hybrid 
(GACGTG) (29,47). As illustrated on Section 3.2, an organism specific proteome can be chosen 
or uploaded to retrieve homologous proteins only from desired species. 
 
3.4. In silico prediction of transcription factors for co-expressed gene promoters in A. 
thaliana 
Let us review a recent study where 32 co-expressed drought-responsive A.thaliana gene clusters 
were analyzed (48). One of the aims of this work was the identification of transcription factors 
involved in drought response regulation and their experimental validation. This is an application 
of the protocol in Section 3.2. To achieve this goal, gene expression profiles in a large 
A.thaliana microarray set were clustered and upstream sequences (1Kb from transcription start 
site) of genes in each cluster searched for significantly overrepresented short DNA sequences. 
The chosen tool for motif discovery was BEST 
(http://www.people.fas.harvard.edu/~junliu/BEST), a meta-predictor which combines different 
motif-finding programs (49). Out of 179 motifs discovered, 15 putative regulatory sequences 
were selected to scan a large library of A. thaliana TFs -called REGIA (see Note 9) - in a yeast 
one-hybrid experiment. Here the first of these sequences (shoots1hr_9, CTCCACGTGC) is 
 further used to demonstrate the performance of footprintDB when looking in the A. thaliana 
proteome for TFs binding similar DNA targets: 
 
1) Repeat the steps 1-4 of DNA motif search explained on Section 3.1. Set “Limit number 
of results per query” to 100. Paste the DNA sequence (see Note 10).  
5) Select from the list of available proteomes ‘Arabidopsis thaliana - regia’ and set the 
BLASTP E-value threshold to 1E-10 (see Note 7) in order to reproduce the search 
strategy of the work of Dubos et al. Note that TRANSFAC 2012.1 was also used as a 
database on that project, but unfortunately that repository cannot be offered to 
footprintDB users due to license restrictions. 
6) Click on the ‘Search’ button to launch the job. 
 
If the specific proteome search option is turned off, the first plant TF is ranked 10th (MYC4 from 
JASPAR database, but it can vary in future versions). However, when the REGIA proteome is 
selected MYC4 is ranked first on the list of results, together with other TFs that in the 
preliminary search appeared lower in the rankings (see Note 11). Homologous TFs from 
REGIA can be visualized by expanding the link ‘Show Arabidopsis thaliana - regia 
homologues’, with binding interfaces highlighted. In this example, the top MYC4 homologues 
share the interface motif [ns]HV[ev]AE[rk][qr]RRekln(X)12[vi][st][kr]Mdk. 
 
Beyond this example, an important result of the Dubos et al. study (48) was the systematic 
comparison of computer predictions and the Y1H results for all 15 cis-elements under study. 
First, it turned out that in silico TF predictions failed to correctly identify binding proteins 
whenever footprintDB contained no proteins with significantly similar DNA motifs (STAMP E-
value > 1E-3, see Note 7). In other words, footprintDB can successfully predict TFs for input 
DNA motifs only if significantly similar motifs are already annotated in the databases. Second, 
in five cases where this occurred, footprintDB included the experimentally determined TFs 
among the predictions. However, it also incorporated a number of TFs which are false positives. 
 In summary, as long as the interface is similar, footprintDB will retrieve TFs from the same 
family, even if they are not expressed or they do not bind the cis element under the studied 
experimental conditions. Figure 8 illustrates the agreement between in silico and yeast one-
hybrid TF predictions for shoots1hr_9 as in the original article by Dubos et al., 2014 (including 
TRANSFAC search results). 
 
 
Figure 8. Comparison of footprintDB in silico predictions of binding TFs and yeast one-
hybrid experimental results within a library of cloned A.thaliana TFs for the cis element 
‘shoots1hr_9’. (A) Example TF predictions by both methods, with common ones in green. (B) 
Chart comparing all unique and common TF predictions obtained with both methods. 
 
3.5. Prediction of OsEREBP1 and OsEREBP2 regulatory sites within the OsRMC 
promoter  
In this last example, taken from Serra et al. (50), we show how footprintDB can be used to 
identify target cis-elements of a TF of interest. This is an application of the protocol in Section 
3.3. In that work some experiments were performed to unveil the regulation of rice gene 
OsRMC under high salinity conditions. Thus, a salt-induced rice cDNA expression library was 
constructed and subsequently screened using the yeast one-hybrid system and the OsRMC 
promoter as bait. As a result, OsEREBP1 and OsEREBP2, two putative TFs of the AP2/ERF 
family, were identified to bind a 648bp region of the OsRMC promoter. In a first approach, the 
OsRMC promoter sequence was scanned with DNA motifs in the PlantPAN database, which 
included curated data from PLACE, TRANSFAC 7, AGRIS, and JASPAR 2008 databases 
(51,41,40,52,53). Several potential DBSs where identified in the promoter window, but none of 
 them contained the GCC box typical of ERF specificity. This section explains how footprintDB 
was used to design subsequent experiments which confirmed the precise locations of GCC-like 
cis-elements in this promoter:  
 
1) Visit UniProt (http://www.uniprot.org) and download the amino acid sequences of rice 
proteins OsEREBP1 and OsEREBP2, which correspond to accessions Q6K7E6 and 
Q5N965 respectively. OsEREBP2 has only been partially annotated and for that reason 
appears as ‘AP2 domain transcription factor-like’. Scroll down the respective UniProt 
pages, locate the ‘Sequence’ section and download the sequences in FASTA format. 
2) Repeat the steps 1-4 of Section 3.3.  
6) Paste the downloaded sequences in FASTA format, name the job and select “Athamap” 
and “3D-footprint” as databases (see Note 6). 
7) Press the ‘Search’ button. 
 
The best candidate motif retrieved from Athamap and 3D-footprint are ERF4 (plus other ERF-
like TFs) and 1gcc_A, respectively. Both are related motifs that contain the GCC box and their 
cognate TFs have all their interface residues conserved. OsEREBP1, OsEREBP2, ERF4 and 
1gcc_A have the following common consensus interface:  [iv]R[qk]RpWg[kr]xaaEiRdp(x)4-
5RvWlgt. The DNA motifs of ERF4 and 1gcc_A TFs were subsequently used to locate the most 
likely cis-elements within the OsRMC promoter using tools from the RSAT::Plants web server. 
 
1) Click on ERF4 and 1gcc_A links in the ‘footprintDB PWM’ column from the previous 
results and download their PSSMs in TRANSFAC-like format.  
2) Download the OsRMC gene promoter region from the original Serra et al. paper (50) (see 
Note 12). 
3) Go to RSAT::Plants server (http://plants.rsat.eu), and select from the left menu: ‘Pattern-
matching – matrix-scan (quick)’.  
 4) Paste the OsRMC promoter sequence in FASTA format and the two motif matrices 
selecting TRANSFAC format from the menu. 
5) Select ‘Background model estimation method - Organism-specific’ and ‘Oryza sativa 
IRGSP’ with sequence type ‘upstream-noorf’. Leave other parameters with default 
values. 
6) Click on ‘GO’ button to start the calculations. 
 
Among the obtained results, the cis-sequence TGCCTGCTC,  found by both input motifs with -
481,-473 coordinates, showed binding activity to OsEREBP1 and OsEREBP2 proteins in 
electrophoretic mobility shift assays (EMSA) (50). 
 
3.6 Conclusions and perspectives 
In this chapter we have presented some examples and real case studies in plants of the 
possibilities of footprintDB, a unified and open-access online database designed for the analysis 
of transcription factors and their genomic DNA targets. The main value of footprintDB is 
probably the integration of a variety of libraries of curated DNA motifs and their associated 
TFs, which have been increased and updated since the original publication, and in addition, the 
systematic annotation of interfaces residues of the corresponding TFs. FootprintDB has an open 
source philosophy, encouraging scientists to contribute with their DNA-binding data to the 
expansion of the database. 
 
The footprintDB search engine allows querying the database for unknown TFs that are likely to 
bind input DNA motifs, and also the opposite (Figure 6). In silico predictions can save time and 
money when designing laboratory experiments to probe TF DNA binding specificities as in the 
study cases shown. Search results can be valuable as reported or taken for further analysis in 
external tools such as RSAT::Plants, TFcompare, etc. 
 
 While footprintDB stores data for a variety of organisms, here we have demonstrated typical use 
cases on plants, reviewing real-world problems that we have encountered with our collaborators. 
We hope the examples described here can aid other users with related research problems.  
  
 4. Notes 
1. Due to the drastic increase of available genomes and to improve maintenance and update 
tasks, RSAT has recently divided in taxon-specific servers, one of them plant specific (42). 
2. TRANSFAC (BIOBASE) is a subscription database with curated annotations of 
transcription factors, experimentally-proven binding sites and the corresponding PSSMs (39). 
Additionally, TRANSFAC contains annotation of miRNA and their target sites, together with 
functional annotations of TFs, predicted promoter binding sites and additional software tools for 
DBS prediction and discovery. A comparison between TRANSFAC version 2012.1 and 
footprintDB initial version showed a high degree of data redundancy between both databases, 
which shared around 71% of motifs (STAMP E-value≤1E-10) and 56% of TFs (% sequence 
identity≥90). Additionally, some internal redundancy was detected in both databases, 
accounting for 20-25% of DBMs and 43-45% of TFs. These values indicate that a large 
proportion of the underlying experimental studies focus on a small number of regulation-related 
protein families, and that probably there are still many families and cis elements to be 
discovered. 
3. 3D-footprint is a database which provides estimates of binding specificity for all protein–
DNA complexes available at the Protein Data Bank (27). Each complex in the database is 
dissected to draw interface graphs and footprint logos, and two complementary algorithms are 
employed to characterize binding specificity. Moreover, oligonucleotide sequences extracted 
from literature abstracts are reported in order to show the range of variant sites bound by each 
protein and other related proteins. 3D-footprint is updated and curated on a weekly basis.  
4. If three dimensional structures of two DNA-protein complexes of the same family are 
available, it is possible to compare their binding interfaces by a structure-based alignment. This 
can be done by feeding TFcompare server (http://floresta.eead.csic.es/tfcompare) with the PDB 
identifiers from two protein-DNA complexes (3). It first extracts individual DNA-binding 
protein domains to calculate their optimal fit and then returns their structural alignments.  The 
 superposition of protein chains is used to generate the structure-based alignment of the bound 
DNA sequences. As a result, nucleotides that are recognized by equivalent interface residues in 
both complexes are aligned together. The resulting DNA alignment does not rely in the 
nucleotide sequences and differs in many cases from a pure sequence alignment. This kind of 
alignment makes sense only for binding domains, not for the whole protein, and for this reason 
the original structures are trimmed according to their PFAM-defined domain boundaries. All 
DNA-contacting domains from the first structure are aligned to those in the second and 
produced alignments are scored in terms of the number of identical superposed nucleotides and 
the sum of N9 (nitrogen 9 in purines) and N1 (nitrogen 1 in pyrimidines) atom pairs within 3.5 
Å. 
5. Results are sorted by default by STAMP E-value, but can also be sorted on computed 
DNA similarity. By default rows in the results table are colored after the alignment quality 
thresholds reported previously (3). Motifs returned to the user are shown with a green 
background when the obtained score is above the twilight zone; otherwise the background is in 
red. While the twilight cut-offs were calculated on a large set of alignments, it is still possible 
that a correct alignment turns out in red.  
6. ‘Multiple Organisms’ can be selected by pressing the Ctrl key, as well as ‘Original 
Databases’ and ‘Pfam domains’. The option of restricting the search by “Organisms” should be 
used with caution because some TFs and DNA motifs are not associated to a specific species. 
7. The Expect value (E-value) is an estimate of the number of false positive results we can 
expect by chance when searching a database. For example, an E-value of 1 can be interpreted as 
meaning that in a database of the current size one might expect to see 1 match with a similar 
score simply by chance. The lower the E-value, or the closer it is to zero, the more probable that 
a match is a true positive and not a random result. Short sequences have a higher probability of 
occurring in the database purely by chance, that is why short DNA searches usually yield larger  
E-values than protein ones. 
 8. Interface similarity can be useful to score candidate protein sequences within a proteome 
of interest. This variable takes values from 0 to 100% and captures the sequence similarity of 
residues possibly involved in specific DNA recognition. In our benchmarks with human, 
A.thaliana and E.coli TFs (28), the interface similarity of correct predictions was significantly 
higher (≈70%) than the similarity of all aligned TFs (≈50%). 
9. REGIA (REgulatory Gene Initiative in Arabidopsis) was an EU-funded project involving 
29 European laboratories with the objective of determining the function of virtually all 
transcription factors from the model plant Arabidopsis thaliana (54). The REGIA consortium 
provided a normalized full size TF library (more than 800 full length ORFs cloned) available to 
the scientific community for screening for additional interactions, particularly with non-TF 
proteins. 
10. In the experiment by Dubos et al (48) two types of input were tested: single cis-elements 
and PSSMs compiled from a group of aligned cis-elements. In this context single elements  
yielded fewer false positives, although our benchmarks suggest that PSSMs produce more 
accurate alignments than individual sequences (3). We therefore recommend trying both inputs 
if possible. 
11. Looking for homologous proteins in A. thaliana (or any other target species) helps 
filtering results, as it favors higher rankings for TFs with homologues in the chosen proteome, 
which are more likely to be true predictions. 
12. OsRMC corresponds to gene OS04T0659300 of the International Rice Genome 
Sequencing Project (IRGSP, http://rgp.dna.affrc.go.jp/IRGSP). The promoter fragment used in 
the original Serra et al. paper can be retrieved with help from RSAT::Plants  
(http://plants.rsat.eu). On the left menu select ‘Sequence tools – retrieve sequence’, set 
’Organism’ to ‘Oryza sativa IRGSP’, choose ‘Gene’ selection and paste ‘OS04T0659300-01’. 
Leave all other options with default values except ‘From’ and ‘To’, which should be set to -
1321 and -674, respectively. 
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